Funding information BMBF NGFNPlus, Grant/Award Number: 01GS0896; Bundesministerium für Bildung und Forschung; Russian Science Foundation, Grant/Award Number: 16-45-02011; Helmholtz-Russia Joint Research Groups, Grant/Award Number: Common fragile sites (cFSs) represent parts of the normal chromosome structure susceptible to breakage under replication stress. Although only a small number of cFSs have been molecularly characterized, genomic damage of cFS genes appears to be critical for the development of various human diseases. In this study, we fine mapped the location of FRA14B and showed that the fragile region spans 765 kb at 14q23.3, containing the large gephyrin (GPHN) gene. The FRA14B sequence is enriched in perfect A/T >24 stretches and R-loop forming sequences (RLFS), and harbors a large palindromic motif in the core region. FRA14B instability is not only limited to lymphocytes, but also occurs in neuroblastoma and breast epithelial cells. Using array comparative genomic hybridization (CGH), we examined copy number alteration patterns within FRA14B in a panel of 180 cancer cell lines and primary tumors. Our CGH data and a survey of 1046 Cancer Cell Line Encyclopedia profiles demonstrate that focal deletions cluster within FRA14B and disrupt the genomic integrity of GPHN in approximately 5% of cancer cells. Moreover, germline CNVs (copy number variants) profiles provided by the Database of Genomic Variants and available literature suggest that germline CNVs and rare pathogenic deletions associated with neurodevelopmental disorders cluster within the core fragile region of GPHN. Overall, our data provide insight into the molecular structure of FRA14B, and identify GPHN, as a large cFS gene in the human genome, whose disruption appears to trigger various neurodevelopmental diseases.
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| INTRODUCTION
Replication stress often results in DNA damage and chromosomal instability that can lead to a wide spectrum of human diseases. Specific regions of the genome, known as common fragile sites (cFSs), are particularly prone to breakage under conditions of replication stress. 1, 2 They are considered to be present in all individuals, and represent intrinsic components of the normal chromosome structure. In vivo, instability at cFSs may be triggered by various endogenous and exogenous factors 3 and is manifested by the formation of gross chromosomal rearrangements in the somatic and germ lines. 4 The vast majority of cFSs can be activated by low concentrations of aphidicolin (APH), an inhibitor of DNA polymerases α, δ, and ε, 5 which appear as breaks and gaps in metaphase chromosomes. The exact number of cFSs in the human genome is uncertain, as 89 cFSs are currently listed in the NCBI Genome Database, whereas recent cytogenetic data indicate about 200 fragile regions. 6 Most of cFSs are mapped at low cytoband resolution of several megabases, while to date only a relatively small number of about 15 cFSs have been identified at the DNA sequence level. 7 Several genetic factors and molecular pathways implicated in maintaining cFS stability have been identified and prompted the hypothesis that cFS breaks arise from extensive regions of unreplicated single-stranded DNA accumulating at stalled or collapsed replication forks. 8 The contribution of DNA sequences capable of forming stable secondary structures to replication fork arrest and doublestrand breakage has been extensively studied. 9 For instance, AT-rich sequence motifs appear to be a major genomic feature underlying perturbed replication at fragile sites. [10] [11] [12] Furthermore, replication fork stalling at AT-rich sequences has been shown to be accompanied by failure of origin activation, thus enhancing intrinsic chromosomal instability at cFSs under replication stress. 13 However, such sequence motifs are abundant also in non-fragile regions throughout the human genome, indicating that sequence features alone are not sufficient to define cFSs.
Potential epigenetic causes of fragility have been emphasized in studies on replication dynamics, suggesting a combination of late replication and paucity of initiation events as molecular basis of cFS instability. 14, 15 Such epigenetic factors appear to determine the distinctive landscape of cFS fragility observed among different cell types. 16 Distribution profiles of APH-induced breaks in lymphocytes, fibroblasts, epithelial, and erythroid cells support a significant variation in cFS expression frequency among these cell types, as well as cell-type specific cFSs. [17] [18] [19] The majority of molecularly characterized cFSs map to genomic regions of large genes extending over hundreds of kilobases of genomic DNA. 20 This correlation has been explained by Helmrich and colleagues, who showed that genomic instability at large actively transcribed genes (>800 kb) may be caused by collisions between transcription and replication complexes, which is associated with RNA:DNA hybrids (R-loops) and consequently fragility at these loci. 21 Considering the diversity of mechanisms proposed to underlie cFS instability, it is likely that combination and prevalence of distinct genetic and epigenetic features in turn determine fragility at individual cFSs. 30 and experiments were carried out on early cell passages.
All cell lines used in this study are listed in Supporting Information Göttingen, Germany) and aligned to the genome using the BLAT tool of the UCSC Genome Browser (GRCh38/hg38). (QmRLFS) was applied to visualize computationally predicted RLFS.
| Fluorescence in situ hybridization
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All programs were used with default settings.
| Polymerase chain reaction (PCR) amplification and sequencing of the break point junctions
To obtain junction fragments by PCR, pairs of specific primers flanking the deletions or duplications were designed using the OligoPerfect Designer online service (Invitrogen) (Supporting Information Table S2 ).
In case of multiple PCR products, nested PCR was carried out using a second pair of primers. The amplified products were separated on 1.0% agarose gels and extracted from the reactions using QIAquick PCR purification kit (Qiagen). Purified PCR products were subjected to direct nucleotide-sequence analysis provided by Seqlab (Göttingen, Germany) sequencing services. The obtained sequences were aligned to the genome by BLAT (GRCh38/hg38). 3 | RESULTS
| Web resources
| Gephyrin is a large fragile site gene at FRA14B
Like the majority of cFSs, FRA14B has only been mapped at the cytogenetic level, to a genomic region of about 10 Mb on chromosomal band 14q23 (Entrez NCBI human genome database). To localize Figure S1 ). Thus, under normal growth conditions, FRA14B belongs to a mid-replicating region of the genome, like FRA7G, 33 FRA7H, 34 and FRA2G. 35 Upon APH-induced replication stress, however, these loci appear to require much more time to complete replication than non-cFS regions, which, in turn, may cause unreplicated DNA sequences to accumulate.
| FRA14B is enriched in sequence motifs capable of impeding DNA replication
Enrichment for DNA sequences with the propensity to form stable secondary structures during replication and transcription has been suggested to contribute to fragility of several cFSs. 11, 13, 36, 37 To identify such sequence motifs, we conducted a computational analysis of the FRA14B sequence and 750 kb of both non-fragile flanking sequences, a 2.3 Mb region overall (Figure 2A ).
RepeatMasker analysis showed an AT content of 63.15% in Table S5 ). The longest palindrome capable of forming a 71 bp-stem hairpin structure is located within the FRA14B core region (14:66629101-66629238), and it is also the largest palindrome in the entire 14q23 band spanning 9.8 Mb. Overall, like the majority of molecularly characterized cFSs, the FRA14B region is AT-rich and abundant in L1(LINE) repeats. Remarkable features are the enrichment in perfect A/T >24 stretches and an extremely large palindromic motif in the core region, both of which particularly predispose to secondary structure formation.
Besides AT-rich sequences with the potential to adopt secondary structures, transcription associated RNA:DNA hybrids (R-loops) at cFSs have been suggested to contribute to instability of large actively transcribed cFS genes. 2, 21 Considering that FRA14B encompasses the genomic sequence of GPHN, a large gene (674 kb) ubiquitously expressed in all tissues, we used the R-loop database to identify predicted RLFS. With a total of 24 RLFS on the transcribed forward strand, 20 of which located within FRA14B, GPHN belongs to the 5% of genes with a significantly higher R-loop density than the majority of human genes. 32 Additionally, 22 RLFS were identified on the reverse strand, 9 of which within the AL359232.1 lincRNA gene transcribed from the reverse strand. In total, 29 RLFS cluster at the FRA14B region, particularly within the first introns of GPHN and AL359232.1 ( Figure 2E ). In line with this observation, other rare fragile site-associated or cFS-associated genes have been shown to be significantly enriched in RLFS. 
| FRA14B is a hot spot for focal genomic alterations in cancer cells
To determine whether FRA14B is affected by copy number alterations (CNAs) in cancer cells, we analyzed 59 cancer cell lines (Supporting Information Figure S2B ).
Such nucleotide stretches may arise when the inserted sequence acts as a self-folding DNA template, characteristic for translesion DNA polymerase theta (Pol θ)-mediated end joining. 43 Overall, our break point junction analysis suggests that nonhomologous recombination pathways mediated by short microhomologies play a major role in generating and repairing FRA14B lesions, apparently a typical feature of CNAs in cancer cells. numbers we observed at two other cFS genes: NBEA (FRA13A) 45 with losses in 27 (2.6%) and DPYD (FRA1E) 46 with losses in 47 (4.5%) cancer cell lines. In contrast, 414 (39.6%) and 323 (30.9%) cancer cell lines displayed focal losses within cFS genes FHIT (FRA3B) 26 and WWOX (FRA16D), 28 respectively, which both function as tumor suppressors. 51 Dejanovic et al, 52 and Hu et al. 53 ASD, autistic spectrum disorders; DD, developmental delay; IGE, idiopathic generalized epilepsy. FRA14B is highlighted in a light shade of gray; the dark gray bar indicates the core region of fragility exhibits a typical cFS pattern that reflects inherent instability, as defined by clusters of relatively small focal deletions. supported by recent data from whole genome alteration profiles. [23] [24] [25] However, validating a general impact of cFSs on formation of genomic rearrangements, and particular, of clinically crucial genetic alterations is hindered by the fact that only~5%-10% of cFSs have been identified at the molecular level.
In this study, we identified the genomic sequence of FRA14B at BAC resolution level in cultured lymphocytes using six-color FISH and revealed that the fragile region is restricted to 765 kb within 14q23.3.
Our data provide detailed information about the molecular structure of FRA14B in the normal human genome and sequences motifs affected by breakage in cancer cells at the single nucleotide level. We show that FRA14B overlaps with gephyrin (GPHN), a large proteincoding gene encoding a neuronal assembly protein that anchors inhibitory neurotransmitter receptors to the postsynaptic cytoskeleton, which is also required for molybdenum cofactor biosynthesis in nonneuronal tissues.
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FRA14B was found to be unstable not only in lymphocytes, but also in neuroblastoma and breast epithelial cells, but breakage susceptibility varied between different cell-types and individual samples.
Breakage frequency of cFS genes has been proposed to be determined by transcription activity. 39 However, in cases like FRA14B, a link between expression frequencies and transcriptional status is unlikely, as GPHN is ubiquitously expressed in all cell types. Unlike other large cFS genes, which are replicated late, replication patterns of FRA14B retrieved from the RepliSeq interface suggest that replication starts at flanking regions and is completed by mid S phase.
Although under normal growth conditions, FRA14B belongs to a midreplicating region of the genome, it is possible that replication is slowed under stress conditions, as has been reported for FRA6E.
14 Like the majority of fine mapped cFSs, FRA14B is composed of A/T-rich DNA. Computational sequence analysis also indicated an enrichment of perfect (AT) n runs, that may contribute to polymerase slowing at FRA14B. Additionally, a very large and nearly perfect ATrich palindrome was identified at the core region, exceeding twice the length of the hairpin-prone motif at FRA16D known to confer fragility 10 and three times the microsatellite tracts capable of stalling replication in human cell-free extracts. 11 Collision between replication and transcription has been proposed as crucial factor underlying instability at large cFS genes, a process mediated by R-loop formation. 
